Abstract Contaminants, like pesticides, polychlorinated biphenyls (PCBs), dioxins, and metals, are persistent and ubiquitous and are known to threaten the environment. Traditionally, scientists have considered the direct physiological risks that these contaminants pose. However, scientists have just begun to integrate ethology and toxicology to investigate the effects that contaminants have on behavior. This review considers the potential for contaminant effects on mating behavior. Here, we assess the growing body of research concerning disruptions in sexual differentiation, courtship, sexual receptivity, arousal, and mating. We discuss the implications of these disruptions on conservation efforts and highlight the importance of recognizing the potential for environmental stressors to affect behavioral experimentation. More specifically, we consider the negative implications for anthropogenic contaminants to affect the immediate behavior of animals and their potential to have cascading and/or long-term effects on the behavioral ecology and evolution of populations. Overall, we aim to raise awareness of the confounding influence that contaminants can have and promote caution when interpreting results where the potential for cryptic effects are possible.
Introduction
As early as the sixteenth century, scientists have been drawing associations between human health and toxicants in their environment. In 1567, Paracelsus wrote one of the first major works on this subject with a focus on the toxicity of metals to miners (Casarett and Doull 1975) . Occupational toxicology dominated the next few centuries as the industrial revolution gave rise to increased workplace-related diseases, often caused by metals, smoke, and soot. War prompted the creation of organic compounds used as gases, industries profited by developing chemical and synthetic pesticides, and scientists began synthesizing hormones for medical treatments. It was not until the twentieth century that awareness of the effects of these contaminants was broadened from human health to the health of nonhuman animals and the health of the environment (Casarett and Doull 1975) . In the beginning, much of the attention on nonhuman animals was focused on adverse effects of contaminants on the outward physiology of organisms. More recently, scientists have begun to consider the potential impact such agents could have on behavior. This shift in focus toward sublethal contaminant effects on behavior is crucial if we are to understand the anthropogenic influence on the evolution of species and the cascading effects this can have at the individual, population, community, and ecosystem levels.
Unfortunately, contaminants in the environment are becoming ubiquitous, resulting from farming, industrialization, mining, burning of organics, and the production and use of pharmaceuticals (Casarett and Doull 1975) . Sublethal effects of contaminants have great potential to shape the evolution of populations, leading to behavioral outcomes that are not readily explained by theory or intuitive observation. A tremendous body of literature has accumulated, indicating that anthropogenic contaminants disrupt behavior. Existing reviews focus on these contaminants, the mechanisms by which they disrupt general behavior, and the consequences of the developmental and physiological outcomes of exposure to contaminants on behavior (Clotfelter et al. 2004; Zala and Penn 2004; Patisaul and Adewale 2009; Schug et al. 2011; Tuomainen and Candolin 2011; Frye et al. 2012 ).
The aims of our review are twofold. First, we provide a discussion of anthropogenic pressures and their effects on the various stages of mating behavior. Specifically, we review the effects toxicants can have on courtship, sexual behaviors, and the act of mating. Finally, we aim to provide an accessible synthesis of this information to those with expertise in animal behavior that may be less familiar with toxicology or the numerous influences that contaminants may have on behavioral ecology.
We begin by introducing some broad categories of chemical compounds that we discuss throughout the review, including metals, pesticides, pharmaceuticals, industrial compounds, and by-products. However, our review emphasizes classes of behaviors and provides a broad view of the various contaminants that may influence them, rather than focusing on specific classes of contaminants and the influence each has on behavior. To this end, we discuss the influences of contaminants on several components of mating behavior, beginning with courtship, where we discuss three main sensory modalities (olfactory, auditory, and visual) used to attract mates. This is followed by a discussion of how contaminants disrupt sexual behavior (sexual receptivity and motivation) and a brief discussion of ability to reverse traditional sex roles. Our discussion then turns to actual mating behavior (ways contaminants disrupt sexual performance and decrease mating). We then briefly shift our focus to how contaminants affect sexual differentiation and development, covering genital malformation and intersex, sex ratio, and multigenerational influences. We conclude with a discussion of how contaminant effects can be conflated with natural variation, how nonlethal exposure to contaminants may affect sexual selection and fitness in the field, and the potential to observe artifacts in the lab. As ethologists, it is imperative that we consider anthropogenic selective pressures and recognize that in some cases human influence may best explain "natural" behavior. We hope to leave the impression that human influence should be viewed as an extension of ecological factors for other organisms.
Contaminants
A contaminant can vaguely be defined as any substance that is found in the environment at levels above which it would naturally be found. Contamination can take many forms, including radioactive, biological, or chemical. To simplify our discussion, we focus our review on chemical contamination. The broadest categorization of chemical contaminants with the potential to affect behavior is the endocrine disrupting compounds (EDC). EDCs disrupt homeostasis by interfering with the endocrine system, and more specifically with the reproductive system, metabolism, and growth (Klassen 2001) . Reproductive and sexually selected behaviors are primarily affected by EDCs through their influences on mechanisms closely associated with steroidal hormones and their interaction with other systems. Endocrine disruptors are introduced to the environment from many different sources (i.e., sewage effluents, metal smelters, and the breakdown of industrial materials like plastics) (Diamanti-Kandarakis et al. 2009 ). Despite the attention EDCs have received, there is still considerable controversy over issues like their potential to affect humans, the doses at which they are toxic, and their persistence in the environment (for more on the controversies, see Vandenberg et al. 2009 ).
Given the general importance of a normal functioning endocrine system on most aspects of behavior, it goes without saying that chemical compounds have the potential to have enormous impact on mating behavior (Clotfelter et al. 2004; Zala and Penn 2004; Patisaul and Adewale 2009; Schug et al. 2011; Tuomainen and Candolin 2011; Frye et al. 2012 ). Although we spend relatively less effort discussing the specific mechanisms by which contaminants affect behavior, it is important to consider that their effects on animal behavior can be convoluted and synergistic (e.g., Birkhoj et al. 2004; Jarfelt et al. 2005; Christiansen et al. 2009; Jacobsen et al. 2010) . For example, some contaminants have both direct and indirect effects (e.g., chlorpyrifos) (see Fleeger et al. 2003; Ford et al. 2007 ). Other contaminants may be metabolized or chemically converted into more dangerous forms of the precursor contaminant (e.g., Agent Orange). As such, the influence of a single contaminant can be much more far-reaching than its immediate effects.
Taken together, EDCs are ubiquitous and represent an enormous overarching group of contaminants that can affect behavior. Indeed few, if any, contaminants have no EDC effects. Therefore, in the current review, we breakdown contaminants based on structural and/or utilitarian function rather than explicitly addressing EDCs as a unique class of contaminants because all the contaminants discussed here have endocrine disrupting features. The major classes of contaminants considered within this review include metals, pesticides, pharmaceuticals, industrial compounds, and by-products. We refer the interested reader to Clotfelter et al. (2004) , Zala and Penn (2004), and Woodruff et al. (2008) for tables categorizing contaminants and their mechanisms. The groups of chemical compounds we discuss should be viewed as broad categories and should interest those studying behavior because they have detrimental effects on organisms both in the lab (Haegele and Hudson 1977; Fry and Toone 1981; Gray et al. 1989; Howdeshell et al. 1999; Baatrup and Junge 2001; Nash et al. 2004; Sebire et al. 2009; Xu et al. 2010; Hued et al. 2012) and in the field (Guillette et al. 1994; Kirby et al. 2004; Gagne et al. 2006; Eeva et al. 2008; Lye et al. 2008; Hinck et al. 2009; Hallinger et al. 2010) . Below, we list and briefly discuss some of the major classes of contaminants that we consider here (see Table 1 ).
Metals
Many of the most basic elements are metals-and many of these are used for industrial or manufacturing purposes. (Friberg et al. 1986 ) Batteries, metal coatings, metal alloys, metal smelting, and fish and seafood consumption Lead (Klassen 2001) Batteries, ammunition, paint, and industrial emissions Mercury (Clarkson et al. 2003) Batteries, vaccines, thermometers, dentistry, metal smelting, and fish and seafood consumption (Klassen 2001) Vietnam War Biocides Veterinary settings and used as an anti-fouling compound in paints Medetomidine (Cullen 1996; Dahlstrom et al. 2000) Pharmaceuticals and personal care products Contraceptives Ethinyl estradiol (Daughton and Ternes 1999) Used to prevent pregnancy Antidepressants/psychiatric drugs Diazepam (Daughton and Ternes 1999) Used to treat anxiety Fluoxetine (Daughton and Ternes 1999) Used to treat depression Anti-inflammatory drugs/analgesics Acetaminophen (Daughton and Ternes 1999) Used for pain alleviation Though they are naturally produced, industrial use of metals considerably increases organismal exposure to these potentially harmful contaminants. Metal exposure can occur through inhalation, topical exposure, and ingestion. Metals can be detrimental to nearly every organ in the body (Casarett and Doull 1975) . Some heavy metals have even been implicated in autistic-like behavior (Curtis et al. 2010) .
Pesticides
Pesticides are chemicals that are specifically manufactured for the purpose of killing. Although they are often designed to target a specific pest or group of pests, they often negatively affect nontarget organisms as well (e.g., Grue et al. 1997) .
Pesticides primarily include insecticides, fungicides, and herbicides.
There are several different classes of insecticides, each with their own mode of action. However, in general, insecticides act as agonists on excitatory mechanisms, which can lead to an overload on target organs and tissue. Organophosphate (OP) insecticides facilitate the action of the neurotransmitter acetylcholine (ACh) by inhibiting the ability of acetylcholinesterase to degrade ACh, prolonging the excitatory action in the central and peripheral nervous systems. Common OP insecticides include parathion and chlorfenvinphos. Organochlorine (OC) insecticides open sodium ion channels in the brain, causing spontaneous firing of neurons. Common OC insecticides include dichlorodiphenyltrichloroethane (DDT), heptachlor, and methoxychlor (Casarett and Doull 1975) .
Fungicides may have several different modes of action. They can be applied to the soil, to particular parts of a plant, or to an entire crop. Fungicides may be used to prevent fungal infection or to eradicate fungus after development. Common fungicides include captan, vinclozolin, or pentachlorophenol.
Many herbicides are known to inhibit synthesis of amino acids, proteins, or lipids essential to plant life. They can also (Daughton and Ternes 1999) Used to treat hyperlipidaemia Anti-hypertension drugs Verapamil (Daughton and Ternes 1999) Used to treat hypertension Bisoprolol (Daughton and Ternes 1999) Used to treat hypertension Musks Musk xylene (Daughton and Ternes 1999 ) Perfumery Galaxolide (Daughton and Ternes 1999) Perfumery
Industrial compounds
Polychlorinated biphenyls Aroclor 1248 (Safe 1990) Used in many commercial applications (i.e., hydraulic equipment, plasticizers, paints, plastics, and as an insulating agent) Bisphenol A (Vandenberg et al. 2009) Industrial chemical used in polycarbonate plastic and epoxy resins Octylphenol (Ying et al. 2002) Used in production of paints, plastic, pesticides and detergents Nitrates Ammonium nitrate (EPA 1991) Fertilizers
By-products Polycyclic aromatic hydrocarbons Napthalene (Samanta et al. 2002) By-products of burning organic compounds Toluene (ATSDR 2000b) Found in gasoline, used in the production of paints, adhesives, cleaning agents, and synthetic fragrances Polychlorinated dibenzo-dioxins 2,3,7,8-tetrachlorodibenzo-p-dioxin (Safe 1990 ) By-products of burning chlorine-containing products Polychlorinated dibenzofurans 2,3,7,8-tetrachlorodibenzofuran (Safe 1990 ) By-products of burning chlorine-containing products
Bold text indicates large classes of contaminants. Specific examples and common sources for contaminant classes are provided inhibit electron transfer or photosynthesis. Herbicides can be classified by their time of application: preplanting, preemergent, or postemergent. Common herbicides include atrazine, diclofop-methyl, and glyphosate (Klassen 2001) . Pesticides represent one of the largest groups of contaminants and incorporate diverse modes of action. Some may even have important links to human behavioral disorders (e.g., depression; Aldridge et al. 2005) . This variability contributes to this group's far-reaching effects that disrupt mating behavior.
Pharmaceuticals
One of the largest and most varied classes of contaminants is the pharmaceuticals and personal care products (PPCPs). This class encompasses prescription and nonprescription drugs, fragrances, and cosmetics, among others. Organisms are exposed to these contaminants via surface run-off and through sewage effluents. Although many PPCPs are not persistent, they are ubiquitous and their constant influx into the environment results in continual exposure (Daughton and Ternes 1999) . For example, the parent compounds and metabolites of prescription and nonprescription drugs, such as contraceptives, antidepressants, anti-inflammatory drugs, and lipid-regulating agents are commonly introduced into coastal ecosystems, primarily via excretion from human users. These pharmaceuticals are then transported in domestic and industrial wastewater discharge and may accumulate in biota living in these niches (Brooks et al. 2005; Chu and Metcalfe 2007; Gibson et al. 2005; Henry and Black 2008; Houtman et al. 2004; Kidd et al. 2007 ), which could have negative effects on the behavior of aquatic organisms or higher-order trophic levels.
Industrial compounds
This class of contaminants is varied; however, considerable focus has been given to a particular group of contaminants within this larger class because of its ubiquity and toxicity. Polychlorinated biphenyls (PCBs) are manmade organic compounds that were banned from manufacture in 1979 due to their long-lasting toxic effects. Nevertheless, PCBs persist in the environment and bio-accumulate upwards through trophic levels. PCBs were manufactured for use in many commercial applications and have been used in electrical applications, hydraulic equipment, plasticizers, paints, plastics, rubber production, and as an insulating agent, among other things, because of their stable characteristics. PCBs are endocrine disruptors (ATSDR 2000a, b) ; they can both agonize and antagonize the action of estrogens and can induce liver microsomal enzymes producing negative effects on thyroid function (Safe 1994) .
Perhaps more alarming, are PCBs potential for carcinogenicity. Certain PCB congeners are dioxin like while others produce dioxins and dibenzofurans when heated (these contaminants will be discussed below). Dioxin is a general term that describes a group of hundreds of chemicals known to cause cancer. However, dioxins can also interfere with hormonal systems. Among other things, exposure to dioxins has been linked to birth defects, decreased fertility, reduced sperm counts, learning disabilities, and lowered testosterone levels (ATSDR 1998). Taken together, PCBs can impose significant direct and indirect effects on sexual behavior.
By-products
By-products can include many contaminants, but here we focus on dibenzo-dioxins and dibenzofurans. Polychlorinated dibenzo-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) are two families of chemicals with chlorine atoms attached to their base carbon groups. There are multiple types of PCDDs and PCDFs, and they are considered the original dioxins. Among the PCDDs is 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD), the most studied PCDD and thought to be the most toxic. A common case of TCDD toxicity is Agent Orange used by the US military during the Vietnam War. PCDDs and PCDFs are byproducts of other manufactured chemicals such as chlorinated phenols, chlorinated biphenyl ethers, and PCBs. Exposure to these chemicals is most often by ingestion of food containing them. These compounds have been studied most commonly as carcinogenic and mutagenic compounds (ATSDR 1998). These molecules bind to the aryl hydrocarbon receptor and, upon binding, can cause changes in gene transcription that can lead to disruption in development and differentiation. It is this ability to affect gene transcription that lends to their carcinogenicity and mutagenicity (Hahn et al. 1997 ).
Other
Other classes of contaminants exist, and these are likely to affect both physiology and behavior. While we review only a subset of the potentially important contaminants that affect behavior, we restrict the current review to behaviors involved in mating and courtship. We note that some studies on the influence of contaminants on behavior focus on other categories of behavior, for example predator prey relationships and foraging behavior (Weis et al. 1999; Boone and Semlitsch 2003; Riddell et al. 2005; Brooks et al. 2009; Pestana et al. 2009 ).
Components of mating behavior susceptible to toxicants
Mating behavior refers to a large class of component behaviors. In this sense, the term mating behavior can be broadly considered a group of behaviors that leads to, or that occurs during, sexual reproduction. It is important to note that mating behaviors are controlled by complex mechanisms, some of which have not yet been discovered or described.
Furthermore, such behavior is regulated through interactions between the sensory system, neural processing, endocrine modification of behavior and reproductive systems, and motor output.
Here we categorize mating behavior into three categories: courtship, sexual behaviors, and mating sensu stricto. Courtship is a major component of mating behavior and can include complex behavioral patterns including chemical signaling, colorful displays, elaborate calls, or intricate dances (Andersson 1994) . Sexual behavior and mating often cannot be initiated without the successful completion of such fixed action patterns (Eibl-Eibesfeldt 1970) . Thus, courtship-related behaviors can therefore be considered among the most important appetitive behaviors that lead to mating. We use the term mating in the strict sense to refer to acts of intromission or copulatory behavior. For the purposes of our review, we include all behaviors outside of courtship and mating sensu stricto, to fall under "sexual behavior." For example, in most animals, the consumatory act of mating must be preceded by sexual receptivity and arousal, both of which are heavily regulated by sex hormones (Crews and Moore 1986 ). Because of their link to hormones, there is enormous potential for environmental contaminants to disrupt courtship, sexual behaviors, and mating.
Courtship and mate attraction
Courtship and mate attraction in the animal kingdom represent perhaps two of the most ancient forms of behavior since the evolution of sexual reproduction. The means to bring together animals for the purposes of offspring production have evolved complex forms of communication but can often be simplified down to a dynamic between sender and receiver. Whereas several sensory modalities have evolved to serve the function of mate attraction, the primary forms of sexual signals typically include olfactory, auditory, and visual displays. Here, we discuss some of the ways contaminants influence or disrupt the sender-receiver dyad with respect to these forms of sensory systems.
Olfactory signal disruption
Pheromone production Pheromones-chemicals secreted by one organism to influence the behavior of another-are useful social cues that can indicate the presence of food or predators, but are best known for their function as sexual attractants (Wyatt 2003) . Some chemical agents can disrupt pheromone synthesis. For example, the herbicides diclofop acid and diclofop-methyl decrease pheromone production by inhibiting the pheromone biosynthesis-activating neuropeptide, a peptide involved in the synthesis of pheromones in nocturnal moths (Eliyahu et al. 2003) .
Pheromone-dependent female choice can be used to determine the extent to which pheromonal production has been disrupted. Female choice is commonly based on their evaluation of secondary sexual characters such as visual or pheromonal signals. The male palmate newt (Lissotriton helveticus) is a particularly good species to investigate contaminant effects on secondary sexual characteristics because breeding initiates the development of ornaments like bright coloration, a caudal crest, and webbing of the hind feet. Secondi et al. (2009) used L. helveticus to determine the effects of realistic nitrate concentrations on male attractiveness. Exposure to nitrates was found to reduce body weight, hind-foot web area, and tail height, all visually detected secondary sexual characteristics important in mate attraction. Secondi et al. (2009) tested female choice for males by giving female newts the option between unexposed and exposed males. Here, females were exposed to water containing olfactory cues, but they were unable to see male conspecifics. Females preferred unexposed males to exposed males. However, this preference was only found in olfactory tests, not in visual tests, indicating that females may use olfaction as their primary mode of mate choice evaluation and that nitrate exposure decreased the olfactorybased sexual attraction of males. This study demonstrates a particularly compelling point: that even though contaminants may have multiple consequences on sexually selected characters, their functional effects may be specific to lessobvious sensory modalities. Ironically, in this case, these differential effects on mate attraction reveal much about the sources of sexual selection, indicating that visual displays in this species of newt may be more attributable to male-male competition, than female choice.
Pheromone detection More commonly, chemical contaminants tend to interfere with the perception of pheromonal signals. Female Corophium volutator signal sexual receptivity by releasing sex pheromones into water to attract males. Naphthalene is a polycyclic aromatic hydrocarbon found in motor fuel (Madsen et al. 1996) . Krang (2007) showed that naphthalene disrupted pheromone-induced mate search in C. volutator males. Specifically, male and female C. volutator were exposed to naphthalene-spiked sediment ranging from 0 to 50 μg/g. When given the choice in a Y-maze between targets with and without female pheromones, half of the males never left the initial tank. Of the half that left the initial tank, approximately half of the males exposed to two environmentally relevant doses of naphthalene crawled into the arrival tank with no female odor and the other half crawled into the arrival tank with female odor. Krang and Dahstrom (2006) found similar results when C. volutator were exposed to the biocide medetomidine, an anti-fouling compound used to prevent barnacle settlement on boats. Considering that naphthalene accumulates in sediments and can persist for years (Madsen et al. 1996) and medetomidine is commonly used in paints that can leach into marine waters, this disruption of male response to pheromone signals can have long term negative effects on mate attraction and successful reproduction. Seuront (2011) found that the marine copepod, Temora longicornis, experienced decreased mating success after exposure to diesel oil. Marine animals can be exposed to hydrocarbons found in diesel oil from refineries, leaky ships, and petroleum transport. This diesel oil can contain polycyclic aromatic hydrocarbons, like naphthalene, or monoaromatic hydrocarbons, like toluene (Seuront 2011) . Low concentrations of diesel oil in seawater resulted in a decrease in males' ability to detect, follow, and successfully capture female conspecifics. Seuront (2011) suggests that this disruption could be attributed to changes in the males' chemosensory system or interactions between female pheromones and the diesel oil, resulting in an inability to recognize the female pheromone, or even a decrease in female pheromone production. Regardless of the mechanism, diesel oil exposure resulted in the disruption of pheromone signaling and subsequently decreased mating success.
Contaminants disrupt olfaction in vertebrates as well, particularly in fishes (Tierney et al. 2010) . For example, mature male Atlantic salmon (Salmo salar) exposed to biologically relevant levels of cypermethrin, an antiandrogenic pyrethroid insecticide, exhibited a reduced olfactory response after exposure to female pheromones (Moore and Waring 2001) . Female parr release a priming pheromone containing prostaglandin F 2α (PGF 2α ) and this pheromone attracts males. Moore and Waring (2001) investigated the effects of cypermethrin on detection of PGF 2α using an electro-olfactogram (EOG). EOG is used to measure voltage gradients across the olfactory epithelium of fishes. They found that after 5 days of exposure to cypermethrin, male parr exhibited decreased EOG response after exposure to PGF 2α in comparison to control males. In addition, cypermethrin-exposed males experienced reduced levels of expressible milt, plasma 17,20β-dihydroxy-4-pregnen-3-one, testosterone and 11-ketotestosterone-all of which are involved in male priming response.
The effects of evolved resistance on pheromone communication The diamond back moth (Plutella xylostella) is a common agricultural crop pest that has formed resistance to several insecticides (Lingappa et al. 2004 ). Resistance to the insecticide abamectin is associated with changes in pheromone systems in this species. For instance, to determine differences in pheromone secretion, calling behavior, and mate choice, Xu et al. (2010) compared two strains of P. xylostella: abamectin resistant and those susceptible to insecticides. They found that female pheromone secretion and calling behavior was reduced in the moths that were resistant to abamectin. Subsequently, abamectin-resistant females attracted fewer mates indicating a reduction in male attraction to resistant females (Xu et al. 2010) . Contaminants, therefore, have the potential to disrupt pheromone production and perception, which in turn can interfere with mate attraction. More broadly, studies such as these provide evidence in support of the hypothesis that anthropogenic contamination shapes the evolution of mate attraction efficiency through at least one modality (sexually selected signals for mate attraction).
Auditory signals
Vocal signals are among the most common forms of sexually selected signals for mate attraction. Acoustic signaling can be found in every metazoan taxanomic group, and several forms of acoustic signaling have evolved, including stridulation, muscle vibration, and air expulsion (Bradbury and Vehrencamp 1998; Gillooly and Ophir 2010) . Of the forms of acoustic communication, bird song is among the most broadly studied, although anuran and insect acoustic communication is also incredibly well understood. For simplicity, we briefly discuss some of the influences of contaminants on avian auditory signals. Indeed, birdsong is an integral part of avian courtship, governed by a complex brain system integrating learning, perception, and song production. To properly convey an acoustic signal such as song, all of these aspects must work perfectly in concert (DeVoogd and Lauay 2001).
Anthropogenic contaminants have several opportunities to interfere with successful signaling, due to the nature of the mechanisms involved in birdsong and the complexity of this system. Two neural structures are crucial for avian song production. The robustus arcopallialis (RA) and the higher vocal center (HVA) are song control nuclei involved in the learning, production, and perception of song (Brenowitz et al. 1997) . The size and function of these nuclei are affected by estrogens and testosterone (T). For instance, higher levels of these steroid hormones are correlated with larger song nuclei (Ball et al. 2002; Garamszegi and Eens 2004) . It follows that variance in the size of these structures should influence vocal behavior. Hoogesteijn et al. (2008) determined that zebra finches (Taeniopygia guttata) that were exposed to the PCB Aroclor 1248 demonstrated developmental deficits in RA volume. Strangely, the HVA was not affected by this treatment.
Similarly, Iwaniuk et al. (2006) found that the insecticide DDT influenced brain development of American robins (Turdus migratorius). Environmental DDT exposure to eggs produced a wide range of total DDT in eggs (from 14.95 to 174.67 μg DDT/g weight). As adults, high exposures to DDT in ovo were associated with smaller RA volume. DDT exposure also tended to negatively affect the HVC size. Moreover, the intercollicularis, a brain structure critical to normal sexual behaviors, was negatively correlated with DDT in both sexes. Because hatchlings were reared in unpolluted conditions, these data indicate that these developmental differences were instigated by the influence of DDT during development in ovo.
In addition to PCBs and insecticides, other contaminants such as heavy metals have the potential to influence birdsong. For example, Gorissen et al. (2005) compared the dawn choruses of great tits (Parus major) from two sites in Flanders Belgium. One site was near a smelter known to emit lead, copper, cadmium, arsenic, and zinc and considered the most extensively heavy metal air-emitting point source in Flanders. A reference site was 4 km east of the smelter and considered relatively less polluted. Gorissen et al. (2005) found that great tits from the heavily polluted site sang less than those at the less-polluted site. Furthermore, the repertoire size of great tits from the heavily polluted site was considerably reduced. Similarly, Hallinger et al. (2010) found that birds captured at sites polluted with mercury produced atypical songs. The authors observed three oscines, including the Carolina wren (Thyrothorus ludovicianus), house wren (Troglodytes aedon), and song sparrow (Melospiza melodia), and one suboscine, the eastern phoebe (Sayornis phoebe). Songs were recorded in both contaminated and reference sites. In the oscine species recorded at contaminated sites, the dominant frequency was lower, the songs were shorter, and there was a reduction in note diversity, when compared with birds from reference sites. Interestingly, the songs of the suboscine species did not differ between sites. The authors attributed this difference to the fact that oscine birds exhibit learned song, whereas suboscine birds do not require learning to produce song. These results suggest that mercury detrimentally affects learned song but not song production.
The specific mechanisms whereby heavy metals such as mercury affect song are unclear. It is possible that energetic stress, which can have similar effects on song phenotype (Spencer et al. 2003) , accounted for the differences in song learning. Oxidative stress may also affect song due to its potential to disrupt cell multiplication by interfering with redox signaling (Jones 2006) . Elucidating the specific mechanisms that various contaminants assert to create biologically meaningful effects on behavior offers fertile ground for toxicologists and behavioral ecologists to collaborate.
Visual displays
Dance and posturing are common and general forms of courtship displays. Such courtship behavior is augmented by the outward phenotype (e.g., coloration) of animals. Secondary sexual characteristics are commonly used in visual displays and result as the product of sexual selection (Andersson 1994) . Conventionally, the more reproductively limited sex (usually females) carefully selects mates based on some assessment of mate quality. On the other hand, the sex that is able to mate more freely (usually males) competes with one another for access to members of the opposite sex. This can be done either directly through face-to-face interactions, or indirectly though displays of individual quality. In either case, sexual dimorphism often evolves, with males exhibiting elaborate ornamentation, coloration, and weapons used to signal their quality to females or fighting ability to other males.
Visual displays: fixed action patterns Perhaps the bestknown example of stereotyped courtship displays comes from the three-spined stickleback (Gasterosteus aculeatus). Three-spined sticklebacks perform an intricate, yet consistent, mating ritual. The male stakes out his territory, digs a hole in the sand using his nose as a shovel, and then gathers algae that he forms into a mound over the hole. Once formed, the nest becomes a breeding ground. Male sticklebacks change to a bluish white color with bright red underbellies to court female conspecifics. Females are led to the nests, where they lay their eggs and the male is then able to fertilize them (Tinbergen 1952) .
More than its profound influence on our understanding of sign stimuli and the production of fixed action patterns in animal behavior and ethology, the three-spined stickleback has emerged as a sensitive biomarker for detection of environmental anti-androgens (Katsiadaki et al. 2002) . Sticklebacks naturally produce an androgen-dependent protein called spiggin in their kidneys that is used as glue in nest building. Similarly, their nest building and courtship behaviors are controlled by androgens (Borg and Mayer 1995) . Administration of ethinyl estradiol (EE2), the synthetic estrogen found in contraceptives, causes changes in aggression that can affect territoriality (Bell 2001) . Sebire et al. (2009) found that the OP insecticide fenitrothion (FN) acts as an anti-androgen to alter androgen-dependent physiology and behavior in male sticklebacks. Spiggin production decreased with increasing FN exposure. FN-treated males built fewer nests than control males, and at the highest doses of FN, males completely failed to build nests.
Subsequent courtship behavior is also significantly affected by anti-androgen contaminants. Exposing male sticklebacks to FN reduces biting, zigzagging of the zigzag dance, dorsal pricking, and leading females to the nest (Sebire et al. 2009 ). Similarly, male sticklebacks exposed to sewage effluent experienced delays in nest building, a cessation of leading behavior, decreased dorsal pricking and reduced zigzagging (Sebire et al. 2011) . Taken together, these studies indicate that contaminants disrupt a suite of behaviors and physiological mechanisms that are associated with fundamental, instinct-based, patterns of courtship that lead to successful reproduction under normal circumstances. The dramatic ability of such chemicals to undo stereotyped patterns of evolved behavior indicates the profound reach that anthropogenic compounds may have on natural courtship behavior.
Methylmercury (MeHg) is a highly toxic and biologically available form of mercury, which broadly affects behavior and brain function and can interfere with the proper functioning of sex steroids . Mercury often becomes methylated in aquatic systems and is passed on to aquatic birds via insects and fish. White ibises (Eudocimus albus) perform courtship displays during which males headbob, bow, and engage in aggressive behavior (Rudegeair 1975) . MeHg delivered at environmentally relevant levels through diet significantly reduces male-female courtship behavior and reduces the likelihood that females approach these males .
The guppy (Poecilia reticulata) is often the subject of studies involving sexual selection and courtship display. Male guppies have bright orange coloration, which attracts females (Pandey 1969) . During the juvenile period, the anal fin of a guppy transforms into a gonopodium, a sexually selected copulatory organ. Males display both their orange coloration and the gonopodium by performing two distinct courtship displays: sigmoid displays and gonopodial thrusts. Females typically evaluate males based on the intensity of orange displayed in a sigmoid display, in which males orient their bodies in either a "C" or "S" shape while vibrating and swimming sideways. When females indicate their receptivity to a male's sigmoid display, males display their gonopodium in a thrusting motion (Baerends et al. 1955 ). This thrusting behavior usually leads to mating.
Like the stickleback, the guppy has been gaining increasing popularity as a model organism to study contaminant effects on behavior. The fungicide vinclozolin and the DDT metabolite dichlorodiphenyldichloroethylene (DDE) have been shown to have anti-androgenic properties that disrupt courtship displays and reproductive physiology of the male guppy (Baatrup and Junge 2001; Bayley et al. 2002) . Vinclozolin, but not DDE, reduces the frequency of sigmoid displays by male guppies. However, if exposure to contaminants stopped after sexual maturity, sigmoid display behavior returned to normal, but gonopodium length remains small compared with controls (Bayley et al. 2002) . On the other hand, the pro-estrogen insecticide chlorpyrifos reduces gonopodial thrusts (De Silva and Samayawardhena 2005) . Taken together, these studies suggest that anti-androgen or pro-estrogen contaminants produce detrimental effects on organizational aspects of courtship display.
Visual displays: ornaments In addition to display, contaminants can have profound effects on ornamentation. Although brief treatment with DDE and vinclozolin does not alter the intensity of orange coloration in male guppies, the intensity of blue is significantly altered resulting in discolored males. However, longer exposure to these compounds produces changes in both blue and orange coloration, as well as decreased testes weight, and decreased courtship behavior (Baatrup and Junge 2001) . Furthermore, using the synthetic estrogen EE2 produced the same organizational effects on outward phenotype (Kristensen et al. 2005) , suggesting that the feminizing effects on sexual differentiation can be achieved by contaminants that either disrupt androgens or mimic estrogens.
Coloration can also be influenced by cholinesterase inhibitors. The amarillo fish (Girardinichthys multiradiatus) uses its yellow fin color and ultraviolet color patterns during breeding to attract females (de Perera and Garcia 2003) . Males with decreased ornament size and yellow coloration are less attractive to females. Male amarillo fish exposed postnatally to realistic levels of the insecticide methylparathion grew smaller than control males, developed smaller ornaments, and exhibited decreased yellow coloration of the fins, (Arellano-Aguilar and Garcia 2008). Moreover, amarillo fish exposed to a cholinesterase inhibitor exhibited subdued courtship behavior (Arellano-Aguilar and Garcia 2008), indicating that the decrease in attraction associated with coloration and ornament size, may also be attributed to reduction in courtship displays.
Although it is much more common for contaminants to work counter to sexually selected sexual dimorphism, some cases exist in which they actually enhance these adaptations. Deposition of pigments, like melanin and carotenoids, play a major role in the intensity and size of coloration in birds. The expression of such traits can be indicative of quality because of their potential to be costly (e.g., Zahavi and Zahavi 1997). Great tits possess a color pattern containing carotenoid-dependent yellow breast feathers split by a melanin-dependent black stripe. Great tits inhabiting a site near a metal smelter emitting lead, cadmium, zinc and copper, exhibited lower carotenoid chroma and hue of yellow breast feathers in comparison to those in the site farthest from the smelter (Dauwe and Eens 2008) . Oddly, the melanin-dependent black stripe in great tits nearest to the smelter was larger than those found on birds in the less contaminated site. Females use the size of the black stripe to select mates and lay larger clutches with males that display them (Norris 1990) . Similarly, red-legged partridges exposed to low levels of the herbicide diquat displayed larger melanic bibs, but exhibited paler carotenoid-based bills and eye rings, all sexually selected traits (AlonsoAlvarez and Galvan 2011; Alonso-Alvarez et al. 2012; Galvan and Alonso-Alvarez 2009). These studies highlight the important point that contaminants in some cases may have positive effects on the expression of traits that are important to mate attraction. In both instances, contaminants appear to decrease the color intensity of one trait while another key sexually selected characteristic was enhanced, which might produce a net increase in sexual attraction and ultimately reproductive fitness. The influence of contaminants on lifetime reproductive success, however, must be considered in terms of both their positive (i.e., increased potential for mate attraction) and negative (i.e., lifespan reducing oxidative stress or other consequences that can affect survival) influences. This requires an exhaustive consideration of behavioral and physiological effects when estimating lifetime fitness consequences.
Visual displays: other traits Although cues and signals used for mate choice are not ubiquitously sexually dimorphic, many species do display such dimorphism. Further sexual dimorphism can be seen in species where sexual selection is more typical (i.e., males compete for access to choosy females) or in less common "sex-role reversed" species. The Gulf pipefish (Syngnathus scovelli) is a polyandrous fish that is naturally sex-role reversed (Berglund et al. 1986) . Because males are a limited resource, there is strong intrasexual selection on females rather than males. Adult females are larger than males and possess a deeply keeled abdomen, a large dorsal fin, silvery-blue lateral stripes, and breeding coloration. It is thought that these secondary sexual characteristics are related to estrogens (Jones and Avise 1997; Jones et al. 2001 ). Partridge et al. (2010) found that male pipefish exposed to a synthetic estrogen experienced feminization. Males were exposed to environmentally relevant doses of EE2; body morphology, mating behavior, and mating success were assessed. Exposed males exhibited increased body size and the iridescent lateral stripes typically found in females. Preference tests showed that EE2 did not affect male evaluation of females, but females did discriminate against "feminized" males, which decreased male reproductive success. This disruption of sex specific courtship displays can be detrimental to mate choice and consequently fitness. Furthermore, it is important to note that some hormone disruption effects are consistent even in sex-role reversed species.
Sexual behavior

Proceptive and receptive behaviors
In rats, proceptive behavior, including ear wiggling, hops, and darts, ultimately leads to behaviors that facilitate mating, like lordosis and mounting. Motivation and sexual performance are modulated somewhat independently in rats, but sex steroid hormones largely govern both classes of behaviors (Barfield and Chen 1977; Edwards and Pfeifle 1983; Erskine 1989; Ogawa et al. 1994; Pleim et al. 1989 ). For instance, female proceptive behavior is induced by estradiol (E2) release, which, once bound to estrogen receptors (i.e., estrogen receptor alpha), acts as a transcription factor to induce the synthesis of progesterone receptors in the brain (Truss and Beato 1993; Tsai and Omalley 1994) . Proceptive behavior is primarily driven by the progressive increase in progesterone receptor binding events. E2 also induces lordosis but in a more direct fashion; cannulation of E2 to the ventromedial hypothalamus is sufficient to induce lordosis in overiectomized female rats (Rubin and Barfield 1983) .
Bisphenol A (BPA), used in the manufacturing of plastics, is a contaminant with estrogenic properties (Dodds and Lawson 1936; Kuiper et al. 1998) . Monje et al. (2009) found that BPA exposure at safe levels (i.e., levels within the range deemed acceptable by the US Environmental Protection Agency) causes changes in proceptive behaviors exhibited by female rats. When females that were exposed to BPA as neonates were placed in a test arena with sexually experienced males, they exhibited no differences in sexually receptive behavior (i.e., lordosis), but demonstrated significantly decreased proceptive behavior. When treated as neonates, adult rats experienced decreased estrogen receptor alpha expression in the medial preoptic area and the ventrolateral part of the ventromedial nucleus, two hypothalamic regions involved in mediating female sexual behavior (Hoshina et al. 1994; Musatov et al. 2006) . Such ontological events are later expressed as changes in receptor expression that can be detrimental to proceptive behaviors in adulthood.
Many other contaminants with estrogenic properties can disrupt proceptive behavior due to their developmental effects. Fenvalerate is a pyrethroid insecticide that alters sexual behavior in female rats exposed during development. Prenatal and neonatal fenvalerate exposure delays sexual maturation (vaginal opening) and decreases lordosis but does not affect estrous cycles or hormone levels (Moniz et al. 2005) . Lordosis amplitude, but not lordosis-to-mount ratios (female lordosis/male mount), are decreased and rejection behavior is increased if females are exposed to methoxychlor neonatally (Bertolasio et al. 2011) . Contaminant effects on receptive behaviors are not limited to females. For example, male Japanese quail (Coturnix japonica) exposed to DDE in ovo attempted to mount females less and require more time to achieve successful copulation when exposed to sexually receptive females as adults compared with control males (Quinn et al. 2008) .
Estrogenic contaminants can also have activational effects. After delivery of single injections of the estrogenic insecticide chlordecone, females that have been exposed to a sexually motivated male demonstrate lower lordosis-tomount ratios compared with controls, indicating decreased receptivity (Uphouse 1986 ).
Sexual motivation
Methoxychlor, an OC insecticide with estrogenic properties, decreases sexual motivation. Male mice exposed to methoxychlor in utero spend equivalent time near cages containing females as they do near empty cages (Eroschenko et al. 2002) . Not surprisingly, this lack of sexual motivation is correlated with decreased testosterone levels; rodent sexual motivation is modulated by testosterone, whereas sexual performance is associated with its metabolites, E2 and dihydrotestosterone (DHT) (see "Sexual performance" below). Similarly, Japanese quail exposed to methoxychlor in ovo at environmentally relevant levels display either longer latency to mount or a complete lack of attempted copulation as adults (Ottinger et al. 2005) . Like mice, these effects are likely due to decreased testosterone levels caused by early exposure to an estrogenic compound.
Sex-role reversal
Sexual roles drive attraction, sexual motivation, and ultimately mating. Reversal of these roles can profoundly affect successful mating. Octylphenol is a component of rubber, pesticides, and paints, which appears to masculinize female behavior. Female daughters from breeding pairs that have been exposed to octylphenol in low doses in food, exhibit longer than normal estrous phases and prefer to spend more time with females over males (Pocock et al. 2002) . On the other hand, sons demonstrate shorter mount and intromission latencies but these were not followed by increased sexual activity. Similarly, female rats become hypersexualized if they have been exposed to 5mg/kg of the OC insecticide chlordecone in utero (Laessig et al. 2007 ). At this dose, which is 25 times less than the LD 50 dose, females significantly increase lordosis and male mounting behavior. On the other hand, male siblings exhibit female-typical behavior, frequently adopting lordosis posture. Furthermore, methylmercury exposure increases homosexual pairing between male white ibises . Homosexual males are less aggressive and less likely to be approached by females but more likely to be approached by males.
Estrogens during early development of rats are known to cause organizational effects that masculinize the structure and function of the brain (Arnold and Breedlove 1985; Kawata 1985; Wu et al. 2009 ). Chlordecone is known to compete with estrogens for binding sites of estrogen receptors alpha and beta (Kuiper et al. 1998) , and perinatal exposure may cause organizational changes that cause outcomes such as those reported by Laessig et al. (2007) . Homosexuality among male ibises is correlated to changes in estradiol and testosterone in dosed males . Taken together, several contaminants that interfere with normal sex steroid functioning, often acting as agonists, can induce significant developmental changes that reverse traditional sex roles in terms of sexual motivation and preferences.
Mating
Sexual performance
The heavy metal cadmium causes sexual dysfunction in male rats. Cadmium induces erectile dysfunction in a dosedependent manner, and cadmium exposure reduces mounting, intromission, and ejaculation (Clark et al. 1994) . Although, high levels of cadmium are associated with low levels of circulating testosterone (Clark et al. 1994) , the influence that cadmium asserts on sexual behavior is probably indirect. T acts as a precursor to both DHT and E2, and reduced availability of T results in reduced production of these sex steroids. DHT, not T, is typically associated with the male erectile reflex, and E2 is necessary for successful sexual performance, and modulates behaviors including mounting and copulation (McDonald et al. 1970; Baum and Vreeburg 1973; Gray et al. 1980; Michael et al. 1990; Meisel and Sachs 1994) . Taken together, it is plausible that cadmium's influence on sexual performance is less attributable to the reduced T it causes and more attributable to the reduced potential to produce T metabolites.
Some contaminants can have long acting effects on sexual performance. Apomorphine is a dopamine agonist, which induces an erection when administered to healthy mature male rats (Heaton and Varrin 1994) . Flutamide (an androgen receptor antagonist) decreases apomorphine-induced erections for 48 h. In comparison, the DDT metabolite p,p-DDE decreases apomorphine-induced erections for 2 weeks (Brien et al. 2000) . Therefore, contaminants may have immediate or long-lasting effects on sexual performance, which may be related to direct or indirect disruption of sex steroids.
Decreased mating
Rabidosa rabida, the wolf spider, is a natural predator of crop insects and thus important in insect control. Although the insecticide malathion is not intended to target the wolf spider, it does have important fitness-reducing effects in this species. Adult wolf spiders exposed to sublethal doses of malathion reduce locomotion, pheromone response (due to reduced locomotion), courtship behavior, and mating (Tietjen 2006) . Exposed males are slow to initiate courtship behavior, and they continue courting females even if females exhibit readiness to mate. Unfortunately for males, the outcome is often premature cannibalization of males without mating. Ironically, in its attempt to reduce pests that affect crops, malathion reduces the natural predators of the pests it is designed to eliminate.
Several other examples of contaminants reducing individual fitness as a result of disrupting mating behavior exist. For instance, spawning is reduced in fathead minnows (Pimephales promelas) that have consumed environmentally relevant levels of methylmercuric chloride-contaminated food (Sandheinrich and Miller 2006) , although this could be due to methylmercury-induced hypoactivity since mercury treated minnows are relatively inactive. Monoporeia affinis is a productive bottom-feeding amphipod that oxygenates the sediment (Aller 1988 ) and serves as a food source for fish (Arrhenius and Hansson 1993) . The fungicide fenarimol, a known endocrine disruptor, decreases male mating ability in M. affinis (Jacobson and Sundelin 2006) . Strangely, this change in mating ability is not related to ecdysteroid levels, a hormone that regulates reproduction and molting. Although the insecticide chlorfenvinphos is used to protect crops from the cabbage root fly, Delia radicum, it can significantly disrupt the natural mating behavior of nontarget organisms. For example, at the concentration recommended for crop use, chlorfenvinphos irreversibly decreased mating in the wasp Trybliographa rapae, no matter which sex (male, female, or both) was exposed (Alix et al. 2001 ). The authors attributed this decrease in mating to disruptions in pheromone production and response.
Finally, it is worth noting that pesticides have off-target effects on mating behavior beyond insects and invertebrates; they can also affect vertebrate mating success. Roundup is a commonly used herbicide that contains the surfactant glyphosate (Cox 2004 ). Whether exposed acutely or chronically, doses of Roundup at recommended-use levels reduced the frequency of sexual contact and mating success of the male livebearing fish, Jenynsia multidentata, presented with sexually receptive females (Hued et al. 2012) . Moreover, heptachlor disrupts estrus cycle patterns and increases the latency to mate in female rats chronically (i.e., 18 days) injected subcutaneously with this OC insecticide (Oduma et al. 1995) . The focus on effects of insecticides on invertebrate mating behavior does not reflect the far-reaching influences that these chemicals have on the natural mating behavior of other animals.
In sum, regardless of the mechanisms by which methylmercury, fenarimol, glyphosate, or OCs such as heptachlor operate, the fitness of several animals, vertebrate and invertebrate alike, is reduced to zero or near zero simply due to conventionally used levels of these contaminants. Furthermore, considering the important role that some basal organisms such as amphipods serve (as oxygenators and food sources), decreased mating due to mild contaminant exposure can have cascading effects that reach across trophic levels. Such outcomes could result in ecosystem-level shifts that have much broader and more observable consequences on the behavior of species living within codependent niches within the larger system.
Sexual differentiation
The developmental trajectory on which an animal is placed can have life-long effects on its courtship behavior, sexually receptive behavior, and ultimately its mating behavior. It is well known that there are several factors that assert organizational effects during development. These factors include endocrine, genetic, and epigenetic influences (Arnold and Breedlove 1985; Devlin and Nagahama 2002; Kawata 1985; Reik and Walter 2001; Wilhelm et al. 2007 ). Each of these factors is open to disruption or interference from environmental toxicants (e.g., Guillette et al. 1995) . Because the sexual differentiation of an individual may set the stage for life-long function (or dysfunction) in behaviors that lead to and include mating, we will briefly consider some of what is known about the influence of toxicants on sexual differentiation in the context of mating behavior.
Sexual development
Sexual differentiation
Administration of exogenous sex steroids during development is well known to cause abnormal sexual differentiation. Perhaps the best example of an exogenous chemical influencing sexual differentiation comes from the administration of diethylstilbestrol (DES). In the 1940s, physicians began prescribing DES to pregnant women in an effort to reduce spontaneous abortions. Rather than preventing abortions, this synthetic estrogen caused reproductive dysfunction in the offspring of exposed women. Daughters of treated women experienced vaginal tumors, and both daughters and sons experienced genital dysplasia (Colborn et al. 1993) . Similar organizational effects on sexual differentiation resulting from environmental toxicants have been observed in nonhumans. Perhaps the most well-known example of this comes from the controversial insecticide atrazine, which causes feminization in males. For instance, Hayes (2004) and Hayes et al. (2002 Hayes et al. ( , 2003 Hayes et al. ( , 2010 Hayes et al. ( , 2011 exposed male African clawed frogs (Xenopus laevis) to low, biologically relevant, levels of atrazine beginning during development and throughout adulthood. The result is that male genitalia become highly feminized, testosterone levels are decreased, and the larynx becomes demasculinized. This demasculinization of the larynx, along with the other effects is associated with a decline in testosterone and with a subsequent inability to compete with other unexposed males for mates. These demasculinizing effects have been seen across vertebrates (Hayes et al. 2011) .
Genital malformations
Genital deformities are one of the most common forms of sexual differentiation disruption from toxicants. For example, TCDD, administered during gestation, causes genital malformation (a lack of complete vaginal opening) in developing female rats (Gray and Ostby 1995) . Furthermore, TCDD treatment produces a urethral orifice, separate from the vaginal orifice, and increased presence of cleft phallus and mild hypospadias. Although TCDD causes females to experience constant estrous, mating is inhibited because the vaginal opening is impeded by a membrane or thread (Gray and Ostby 1995) . Dioxins like TCDD are among the most dangerous contaminants to both humans and nonhuman animals. They are highly toxic and accumulate up trophic systems. Because these contaminants are ubiquitous and persistent, their effects can be long lasting.
Intersex
Intersex commonly results from contaminants because of the roles they often play as endocrine disruptors. Guillette et al. (1994) compared two lakes; one lake was contaminated with several contaminants including the estrogenic insecticide DDT, the other lake was comparably less contaminated. Alligator eggs were collected from 25 nests at each site and incubated at a temperature that was ideal for production of a 1:1 sex ratio. Hatchlings were allowed to grow for 6 months, at which time plasma hormone levels were determined and morphology of the gonadal tissue assessed. Female alligators from the contaminated site had higher plasma E2 levels than those from the reference site. Male alligators from the contaminated site had plasma testosterone levels that were nearly four times lower than those from the reference site. In fact, the testosterone levels of males from the contaminated site were similar to those of females. It was evident after gonadal assessment that two of the animals previously identified as females (because of their lack of a penis) were gonadally males while two of the animals with penis-like structures had ovarian tissue and were actually females. While the alligator population decline that began in the 1970s was thought to be a result of decreased clutch viability (Woodward et al. 1993) , Guillette et al. have convincingly demonstrated that intersex in alligators resulting from contamination significantly contributes to these population declines.
Since this classic series of studies conducted by Guillette et al., increasing numbers of examples of contaminantinduced intersex have been described. For example, in a 5-year study, Kirby et al. (2004) found consistent prevalence of intersex in male flounder (Platichthys flesus) found in estuaries throughout the UK. Similar results have been reported for smallmouth bass (Micropterus dolomieu) from the Potomac River (Blazer et al. 2007) , and for black bass (Micropterus spp.) throughout the southeastern USA (Hinck et al. 2009 ). McCoy et al. (2008 found a direct relationship between agricultural areas and intersex, indicating that contaminants associated with agriculture, such as pesticides, may be the prime culprit for such intersex effects. As we have discussed, many of these compounds have estrogenlike or anti-androgen effects, suggesting that many of these malformations may be the result of unintended interactions with sex steroid function. This is supported by the observation that life-long exposure to biologically relevant levels of EE2 resulted in complete population failure in zebrafish (Danio rerio), attributed to disturbed sexual differentiation in males; exposed males exhibited a lack of testes or intersex gonads (Nash et al. 2004 ). Though we cannot discuss all the examples, there is considerable evidence that intersex is ubiquitous and often directly correlated with contamination.
Other important considerations of contaminants on successful sexual behavior
Male to female ratio
The ratio of males to females (M/F) is important to mate availability and selection (Emlen and Oring 1977) . Beyond disrupting the ability to acquire a mate through attraction, contaminants with the ability to skew the sex ratio can reduce available mating opportunities. Many contaminants have the capability to skew sex ratios in organisms (e.g., Deng et al. 2010; Flaherty and Dodson 2005; Fort et al. 2004; Hogan et al. 2008; Huang et al. 2006; Ishihara et al. 2007; Lopes et al. 2009; Sanchez et al. 2011) . For example, male juvenile guppies exposed to environmentally relevant sublethal concentrations of vinclozolin and DDE until they reached sexual maturity, showed both organizational and activational deficits in sex-specific phenotype (Bayley et al. 2002) . Exposure to the highest doses of both contaminants produces a skew in the sex ratios toward females; in other words the population becomes feminized. At a variety of concentrations of DDE and vinclozolin, the development of male secondary sexual characteristics is retarded and ultimately males exhibit shorter gonopodium (Bayley et al. 2002) .
Other contaminants have similar female biasing effects on sex ratio, including the herbicide atrazine in X. laevis (Oka et al. 2008) . Likewise, the synthetic estrogen EE2 dramatically skews the sex ratio of fathead minnows (P. promelas) to a female bias (Lange et al. 2001) . A constant exposure of EE2, at nominal concentrations, through development and adulthood results in sex ratios skewed as high as 5:84 (M/F), where the remaining percentage of exposed fish had testes containing ovarian tissue. Operational sex ratio (OSR) and theories addressing reproductive skew have been well developed (Cant 1998; Emlen and Oring 1977; Johnstone and Cant 1999a, b; Keller and Reeve 1994; Kokko and Johnstone 1999; Vehrencamp 1979 ) and despite their differences, all agree that altering the sex ratio will have cascading effects on the resulting behavior of both male-male competition and female choice. Indeed, OSR is a major driving force behind the natural mating decisions and tactics that individual animals adopt and which contribute to the larger mating system observed at the population level (Shuster and Wade 2003) . If low levels of contaminants can influence the OSR, then the potential to have broad effects on life history-based decisions is also possible.
Transgenerational influences of contaminants
More recently, considerable attention has been given to the effects that early experience can have on an organism, and more specifically how contaminant effects can pass from parent to offspring (Anway and Skinner 2008; Csoka and Szyf 2009; Zama and Uzumcu 2010) . We are only now beginning to understand the full scope of the profound impact epigenetic effects have on behavior (Crews 2010; Champagne 2012) . This field is growing rapidly, but some of its earliest studies concerned trans-generational effects on sex ratio. For example, female rats exposed to the dioxin TCDD from sexual maturity throughout pregnancy produce more granddaughters than grandsons, despite the fact that the direct offspring of these females were not exposed to TCDD directly (Ikeda et al. 2005) . Other studies demonstrated transgenerational effects on mate choice. Crews et al. (2007) showed that females three generations removed from exposure to vinclozolin preferred unexposed males over males who had similar histories of exposure. Though many of the early studies originally focused on maternal transmission to offspring, there is ample evidence of paternal transmission of epigenetic effects as well (Cordier 2008) . Considering the ability of many contaminants to cross the placenta to be absorbed by offspring and the ability of contaminants to modify gene expression of offspring, contaminants probably have more far-reaching consequences than previously appreciated.
Concluding remarks
Rachel Carson's fears that one day the voices of birds would no longer be heard because of pesticide abuse by humans is only 50 years past. Her book, Silent Spring (Carson 1962) , served to launch the "environmental movement." Since then, government agencies have been created worldwide, charged with maintaining the safety of humans and the environment. Contaminant use is regulated, concentrations in the environment are screened, and scientists are constantly investigating contaminant effects on human and nonhuman life. It is a pressing issue to understand how human activity affects other organisms and tilts the delicate balance of ecosystem interdependences. For instance, above we discussed how anthropogenic stressors such as naphthalene (Krang 2007) or fenarimol (Jacobson and Sundelin 2006) can directly effect survival or mating success of amphipods. Decreasing the population of such basal organisms can cause cascading effects on the animals relying on such animals for oxygenation of the soil and for food. While the direct effect may be obvious, cascading effects on higher trophic levels can be overlooked (Clotfelter et al. 2004; Clements and Rohr 2009; Tuomainen and Candolin 2011) . These effects can be overshadowed by the complexity of ecosystems and by synergistic interactions between multiple contaminants and between contaminants and natural stressors (e.g., Kuiken et al. 1994; Boone and Semlitsch 2003; LaFiandra et al. 2008; Brooks et al. 2009; Pestana et al. 2009 ). Adding animal behavior as a factor to understanding ecosystem interactions significantly complicates the challenge of managing conservation efforts, but it is one for which we must account if we are to fully appreciate the scope of the detrimental effects of anthropogenic stressors.
Conflating individual behavioral variation and contaminant effects
We have reviewed some of the many ways that contaminants might affect sexual development, courtship, sexual behaviors, and mating. Not surprisingly, this is but a fraction of the ways in which contaminants disrupt natural behavior. Indeed, contaminants affect behavior in many other domains, including predator/prey (e.g., Boone and Semlitsch 2003; Brooks et al. 2009; Pestana et al. 2009; Riddell et al. 2005; Weis et al. 1999) , noncourtship communication (Gorissen et al. 2005; Venerosi et al. 2006) , learning and memory (Schantz et al. 2001; Fischer et al. 2008) , and social behaviors (Schantz et al. 1992; Aldridge et al. 2005; Engell et al. 2006; Palanza et al. 2002; Wisniewski et al. 2005) . As such, the influence of these factors is broad and should be considered by anyone interested in the study of animal behavior or behavioral ecology. It should be clear that contaminants of almost any type appear to affect behavior, and all have the potential to compromise data and mislead interpretations if their effects were not considered. We have provided several examples above demonstrating that low (ecologically "safe") levels of an array of contaminants can influence natural behavior in the field leading to and including mating, which may otherwise be interpreted as variation.
Some of the examples discussed above highlight that signals, or the reception of signals, are highly susceptible to several forms of human activity. Animal communication is among the largest subdisciplines within the study of animal behavior. Characterization of signal types and reception of signals most often occurs in the field. The degree to which study sites are touched by the various forms of human activity, which may include commonly used pesticides, fertilizers, or fuel discharge, could prove to be more important than previously appreciated.
As behavioral ecologists, we often attribute different dialects within species or regional differences in neural phenotype with the evolution of song (e.g., Nelson et al. 2001) . However the results we discuss above indicate that behavioral ecologists should be wary of the influence of contaminants on courtship behavior when drawing conclusions such as these. Contaminants such as PCBs (like Aroclor 1248), OC insecticides (like DDT), and heavy metals (like mercury) are ubiquitous and persistent in nature (Klassen 2001) . The effects that these contaminants can assert on neural development could have a significant and lasting impact on the ability of wild animals to produce stereotypical species-specific courtship signals (recall Gorissen et al. 2005; Hallinger et al. 2010; Iwaniuk et al. 2006) . The influence of contaminants on courtship is not trivial. However, because the extent to which contaminants are present may vary by site, contaminants themselves could account for a significant portion of the "natural" variation that has been attributed to population differences reported in the literature. Indeed, great care should be taken when choosing study sites. Comparative studies or studies of individual or geographic variation are particularly susceptible to biases rooted in anthropogenic contaminants, and scientists with these interests may be well served to screen for such confounding effects as conclusions are drawn about sexually selected differences between or within groups.
Fitness reducing effects of contaminant via sexually selected behaviors
Disruption of the naturally selected form of communication can have long-term effects on mating and fitness and could lead to species extinction through missed signals or potential unexpected hybridizing events through poor signal discrimination (Bradbury and Vehrencamp 1998) . When mate preferences break down, as in the cases discussed in fish ornamentation and display, the strength of sexual selection is thrown off balance, which can have unexpected and often maladaptive consequences. The example of diamond back moths above provides one such example of maladaptive selection. Not only might the effects of contaminants on courtship signals mislead interpretations of the basic form and function of such signals, but they may also assert a strong influence on the continued evolution of these signals. Awareness of and vigilance for these potential influences is crucial if behavioral ecologists are to truly understand the study systems with which they work. On the other hand, understanding that such effects may lead to maladaptive behavior provides an alternative mechanistic explanation of confusing data when theory fails to provide a clear account.
Laboratory artifacts
Scientists performing behavioral research in the laboratory should be equally attentive to the potential for environmental stressors to affect animals used in laboratory studies (Clotfelter et al. 2004) . For example, consider that the majority of laboratory rodents are housed in polycarbonate cages. Polycarbonate plastic contains BPA. We have discussed the estrogenic-like affects that BPA can assert on behavior and sexual development throughout this review. Housing animals in such conditions significantly increases the potential for exposure to this compound, which-as we have discussed abovehas the potential to modify sexual behavior substantially. Furthermore, it is common practice to supplement laboratory animals (particularly exotic species) with noncommercial diets or provide environmental enrichment to animals. However, many of these materials could have been exposed to pesticides, metals, PCBs, and dioxins, among other things. A careful balance between providing environmental enrichment (a crucial factor for lab-reared animals) and the potential exposure to the swath of contaminants that could interfere with natural behavior must be considered. Some contaminants, like DES or vinclozolin, have genetic and epigenetic effects (Colborn et al. 1993; Anway et al. 2008) . Thus, laboratory animals have the potential to develop behavioral dysfunctions even without direct exposure. Ultimately, it is important that ethologists are fully aware of the contaminants to which their experimental animals are exposed, and how they might affect behavior. An acknowledgment of such effects places behavioral research in a stronger position to draw conclusions when assessing empirical results. The potential for contaminants to influence behavior in the field or lab, further emphasizes the need for comparative work in which lab studies are field verified, and field studies are tested under controlled laboratory conditions (Beach 1950; Wolff 2003; Zala and Penn 2004) .
Viewing contaminants as a cryptic selection pressure Obviously, mating is crucial for reproductive success. One of the basic tenets of the theory of natural selection is that animals that leave more offspring will shape the reproductive pool in subsequent generations. In the middle of the last century, the discovery of industrial melanism taught us that human activities can profoundly impact the process of natural selection (Kettlewell 1955; Tinbergen 1958) . In doing so, we learned a great deal about the mechanisms of evolution. Contaminants have the potential to serve in the same way, to both influence the trajectory of evolution while teaching us about the mechanisms that contribute to this process. Whether in the lab or in the wild, animals exposed to environmental stressors are experiencing unnatural pressures that can shape the evolutionary trajectory of a population or limit the ability to relate conclusions from laboratory experiments to evolutionary processes (see above for specific examples and discussion of their implications). When certain breeding pools are exposed over time to such pressures, those populations are likely to (naturally or artificially) evolve differently than others that are unexposed. While most environmental contaminants should act indiscriminately on natural selection, the influence of this class of artificial selective pressures can have profound effects on the composition of the gene pool in similar ways as genetic drift, mutation, and catastrophism. This is particularly true if they directly affect mate attraction or mating behavior. They may also act synergistically with these other factors to enhance or reduce the effects of each other. Thus, anthropogenic contaminants represent a significant class of selective pressures, though they are not often considered as such. In this sense, anthropogenic compounds embody a cryptic form of selective pressure that must be considered carefully and that could have important repercussions and potentially confounding effects on conclusions regarding our understanding of natural behavior.
